Introduction
The aim of this study was to present a new method of generating driving cycles understood as realizations of a stochastic process modelling the actual conditions of usage of motor vehicles. The originality of the proposed method lies not only in the fact that it treats driving cycles as realizations of a stochastic process, but also in that it adopts similarity of frequency-domain characteristics between on-road driving and test driving as a criterion for the synthesis of driving cycles. Driving cycle tests are used to assess the performance of vehicles. The main performance parameters evaluated using driving cycles include pollutant emissions, fuel consumption and power consumption. While tests conducted using classical cycles allow to assess the performance of vehicles in the causal conditions of their movement, the use of driving cycles which are realizations of a stochastic velocity process also makes possible assessment of the probabilistic properties of the parameters tested. Driving cycles can be developed using the following assumptions [3, 4, 9, 17] :
a driving cycle has a predefined process of velocity relative to -maximum velocity, a driving cycle faithfully simulates a velocity process in the -time domain, other methods, e.g. a driving cycle meets the criterion of simi--larity of parameters of the velocity process in different domains, e.g. the time domain, the domain of an independent variable of the integral transform of the time curve, or the process value domain. The criterion adopted for the development of driving cycles is the similarity of zero-dimensional characteristics of cycles and velocity processes observed during real-world vehicle operation and during tests [3, 4, 9, 17] . The parameters of the velocity process to be used in constructing a driving cycles can be determined for the following domains [4] : time domain, -domain of an independent variable of the integral transform of -the time curve, most commonly frequency, process value domain. -The most commonly used zero-dimensional parameter in the time domain is average velocity [3, 4, 9, 17] . Other parameters in this domain include root mean square value, variance, standard deviation, median, and extreme values (min., max.) [2, 3] . Some driving cycles are based on other zero-dimensional parameters, such as mean absolute value of the velocity-acceleration product or the mean velocitypositive acceleration product [3, 4, 9, 17] .
The parameters determined in the frequency domain are most commonly amplitude and phase parameters, and their values for specific frequencies or their average values for frequency ranges constitute representative data points [4, 17] .
The basic parameter in the value domain is the probability density function and its zero-dimensional parameters, e.g. the most probable value, or parameters of standard probability density functions approximating -in accordance with the criterion adopted -the investigated probability density function [4, 8] . Construction of cycles in accordance with the principle of faithful simulation of a velocity process in the time domain may involve [2, 3, 7, 9, 12, 13, 17, 22, 23 sciENcE aNd tEchNology selection of portions of the velocity-time process representative -of the velocity process tested, synthesis of the selected portions of the velocity-time process -
representative of the velocity process tested.
Most cycles currently used for testing passenger cars and lightduty trucks have been developed in accordance with the principle of exact simulation of driving velocity in the time domain [2, 7, 12, 13, 17, 22, 23] , in particular driving cycles created in the United States of America, for example, the Federal Test Procedure -FTP-75 [23] . Heavy-duty vehicles, such as buses and trucks, are also tested using cycles faithfully simulating the velocity process in the time domain [12] . Cycles with predefined processes of velocity relative to maximum velocity (legislative cycles) include the New European Driving Cycle -NEDC, which consists of the Urban Driving Cycle -UDC and the Extra Urban Driving Cycle -EUDC, and the Japanese driving cycle -Japan 10-15 Mode [23] .
This article presents a methodology for generating cycles treated as realizations of a stochastic process which models real-world driving conditions. The method is based on the criterion of similarity of frequency domain parameters in on-road and test driving conditions. The FTP-75 cycle ( Figure 1 ) was adopted as a reference velocity process, whose amplitude-frequency characteristics were used as criteria for comparison of similarity between cycles.
This cycle was developed as a precise simulation of on-road driving in the time domain by synthesizing selected trip segments representative of the tested velocity process. Segments of the velocity process representative of the tested velocity process are most commonly selected using cluster analysis [17, 20] . The designers of this cycle adopted the zero-dimensional parameters of the velocity process as comparison criteria, and next concatenated the selected representative trip segments using the Monte Carlo method [6, 14] to create the cycle.
Methodology of constructing driving cycles in accordance with the criterion of similarity of frequency characteristics
The method of generating pseudo-random realizations of the stochastic process modelling driving cycles in compliance with the criterion of similarity of frequency parameters uses amplitude-frequency characteristics of the velocity process of the reference cycle. The reference cycle based on FTP-75 is defined as a vector:
where: 
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where: Max and Min are the operators of the largest and smallest values. The distance between the elements of vector v o is:
The Fourier transform image of vector v o is a vector whose elements are complex numbers: 
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where j is an imaginary unit.
When driving cycles are modelled in accordance with the criterion of similarity to the amplitude-frequency parameters of the velocity process of the reference cycle, modulus values are assumed to be identical and a vector of pseudorandom numbers of arguments is generated. Vector of complex numbers Y is represented as:
For the inverse discrete Fourier transform of vector Y to be a vector of real numbers, the following conditions must be met, [18] : ( ) ( ) 
where: Figure 2 shows an example of a velocity realization of a vehicle driven over the reference cycle. Figure 3 shows a set of eight realizations of the reference driving cycle.
To determine power spectral density of the velocity processes of the reference cycle and its realizations, Fast Fourier Transform was used. The linear trend was removed from the signal. To improve the compatibility of the power spectral density estimate, processing was done using a Hamming time window [10] and frequency smoothing of the rough estimate of power spectral density [18, 21] . Figure 4 shows the power spectral density of the velocity processes in the domain of dimensionless frequency relative to the Nyquist frequency [15] , which is the maximum frequency of the spectral components of the signal being sampled -in accordance with the Kotelnikov-Shannon sampling theorem [11, 19] :
where: f -frequency of the signal component, f N -Nyquist frequency:
As can be seen, there is a considerable goodness of fit between the amplitude-frequency characteristics of the reference cycle and its realizations.
Of course, the fact that there is a close match between the criterion parameters of the reference cycle and its realizations does not mean that there is a match between other characteristics. Figure 5 shows a comparison of average and median of velocity between the reference cycle and its realizations. Figure 6 shows a comparison of standard deviation and quartile deviation of velocity in the reference cycle and its realizations. Figure 7 shows the coefficient of variation of velocity and the coefficient of quartile variation of velocity for the reference cycle and its realizations. The coefficient of quartile variation is defined as: Despite the differences in average velocity among the individual realizations of the cycle (Fig. 8) , the coefficient of variation of average velocity was 0.09, which, given the small number of values compared (eight), can be interpreted as a measure of low non-repeatability [5, 8] .
We also evaluated the properties of the realizations of the reference cycle and the properties of the FTP-75 cycle in the process value domain. Figure 9 compares the discrete probability density of velocity in the FTP-75 cycle and in realization No. 1 of the cycle.
It is not surprising that the difference between the probability density of velocity in the FTP-75 cycle and in one of its realizations is prominent given that the cycle was synthesized on the basis of a frequency parameter and not a parameter in the process value domain. Figure 10 shows the discrete probability densities of the individual realizations of the test cycle velocity schedule.
Despite the apparent differences in the probability density of velocity among the individual realizations of the test cycle, certain similarities between the evaluated characteristics can also be observed. Figure 11 shows a set of parameters characterizing the probability density of the individual realizations of the test cycle: skewness and kurtosis. Both skewness and kurtosis vary for the different realizations, however, the coefficients are not too high. The investigated processes have both platykurtic and leptokurtic distributions. And the distributions show both a left-handed and a right-handed asymmetry. amplitude-frequency driving characteristics, is an original way of investigating the functional properties of vehicles. Because a driving cycle is treated here as a set of realizations of a random process, the method allows not only to determine the values of the zero-dimensional characteristics being assessed (which define the functional properties of a car), but also to evaluate the probabilistic properties of these parameters.
The example of synthesis of driving cycles, treated as sets of realizations of a stochastic process of car velocity, demonstrates the effectiveness of the proposed method. The velocity processes determined in the experiments have similar probabilistic characteristics, which is usually the case in the practice of testing realizations of stochastic processes [16] . In the future, the method is planned to be further investigated in chassis dynamometer tests performed using the driving cycle realizations obtained in this study. 
Conclusions
In this article, we proposed a method for synthesizing driving cycles treated as sets of realizations of a stochastic velocity process. This approach, which uses the criterion of similarity of on-road and test 
